Estrogen is predominantly produced by granulosa cells of the ovary \[[@r8], [@r11]\]. In addition, it is known that Leydig and Sertoli cells of the testis produce estrogen \[[@r25]\]. Extragonadal tissues such as placenta \[[@r1]\], skin \[[@r9]\], vascular smooth muscle cell \[[@r6]\], adipose tissue \[[@r15], [@r28]\] and brain \[[@r17]\], are also known to produce estrogens. Estrogens have important physiological roles, such as cellular proliferation and regeneration *via* autocrine and paracrine roles, not only in reproductive organs but also in extragonadal tissues \[[@r19], [@r20]\]. Therefore, estrogen biosynthesis in extragonadal tissues is important for homeostasis. It is known that all steroid hormones are derived from cholesterol through metabolism by steroidogenic enzymes, and the last step in estrogen biosynthesis is the aromatization of androgens by aromatase (*CYP19A1*) \[[@r13], [@r22]\]. Unlike the gonads, extragonadal tissues are unable to produce the C19 (androgen) precursors. Therefore, provision of C19 is important for 17beta-estradiol (E2) biosynthesis in extragonadal tissues \[[@r19], [@r20]\]. Moreover, aromatase expression is tissue-specific and controlled by hormones. For examples, aromatase expression is induced by luteinizing hormones (LH) and follicle-stimulating hormone (FSH) in the ovary and testis \[[@r4], [@r10], [@r18]\]. Ueyama *et al.* (2002) have been shown that gastric parietal cells of rats produce E2 and secrete it into the portal vein \[[@r22]\]. The aims of this study were to examine which steroidogenic enzymes for estrogen production existed in the goat GI tract, and which organs were the primary sites for estrogen biosynthesis in the male goat GI tract. Additionally, we tried to explore the control mechanisms of steroidogenesis in the male GI tract by means of bilateral castration to evaluate contribution of testicular androgens for estrogen biosynthesis.

MATERIALS AND METHODS {#s1}
=====================

Animals
-------

In the present study, 7 male Shiba goats, 12--14 months of age and weighing 18--24 kg, were used. They were kept at goat barn belonging to the Laboratory of Reproductive Physiology, Department of Veterinary Medicine, Tokyo University of Agriculture and Technology, Tokyo, Japan under normal daylight and temperature. This breed shows nonseasonal breeding under natural photoperiod conditions in Tokyo. All procedures carried out in this experiments were in accordance with the guidelines established by the Tokyo University of Agriculture and Technology (29-5).

Experiment 1
------------

Four male goats (12--14 months of age) were used for this experiment. The goats were sacrificed by an overdose of sodium pentobarbital (Somuno pentil injection®, Kyoritsu Seiyaku Corporation, Tokyo, Japan). Tissue samples were collected from the gastrointestinal (GI) tract from rumen to the rectum and kept on dry ice for gene analysis of steroidogenic enzyme mRNA expression of the GI tract. In addition, a portion of the tissues samples were also fixed in 4% paraformaldehyde in 0.05 M phosphate-buffered saline (PBS) for histological examination of steroidogenic enzymes and their distribution.

Experiment 2
------------

Three male goats (12 months of age) were anesthetized with atropine sulfate (atropine sulphate monohydrate, 0.022 mg/kg; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), xylazine (xylazine hydrochloride, 0.05 mg/kg intramuscularly; Tokyo Chemical Industry Co., Ltd.) and pentobarbital (pentobarbital, 30 mg/kg intravenously, Somuno pentil injection®, Kyoritsu Seiyaku Corporation), the scrotum was cleaned and disinfected with alcohol, the bottom third was cut, and testes were removed. After castration, the animals were cared for through recovery. Two months after castration, goats were sacrificed by an overdose of pentobarbital. Tissue samples were then collected from the (GI) tract from the rumen to the rectum and kept on dry ice for gene analysis of steroidogenic enzyme mRNA expression of the GI tract. In addition, a portion of the tissues samples were also fixed in 4% paraformaldehyde in 0.05 M phosphate-buffered saline (PBS) for histological examination of steroidogenic enzymes and their distribution.

Tissue preparations
-------------------

Tissues from rumen, reticulum, omasum, three parts of the abomasum (fundus, body and pyloric regions), duodenum, jejunum, ileum, cecum, colon and rectum were harvested. Samples were immediately fixed for 24 hr in 4% paraformaldehyde (Sigma Chemical, St. Louis, MO, U.S.A.) in 0.05 MPBS, pH 7.4. Samples were dehydrated by a series of ethanol and embedded in paraffin. The samples were sectioned at 4--6 *µ*m and placed on APS (3-aminopropyl triethoxysilane)-coated slides (Matsunami Glass Ind., Ltd., Kishiwada, Japan).

Double-staining for aromatase and the hydrogen-potassium pump in the abomasum
-----------------------------------------------------------------------------

In order to reduce background, sections were incubated with 10% normal goat serum for 60 min. For detection of co-localization of aromatase and hydrogen-potassium proton pump, sections were incubated with the both primary antibodies. Antibody dilutions were used as follows: anti-human placental cytochrome P450 aromatase at 1:2,000 and 1:4,000 (kindly provided by Dr. Y. Osawa, Medical foundation of Buffalo, Buffalo, NY, U.S.A.) raised in rabbit; and anti-hydrogen potassium-ATPase (H/K ATPase) beta Ab (1:200, \[2G11\] ab 2866, Abcam, Tokyo, Japan), raised in mouse overnight at 4^○^C. For co-localization of luteinizing hormone receptor (LHR) and H/K ATPase in abomasum, the sections were incubated with a mixture of primary antibodies as follows: anti-LHCGR (luteinizing hormone/choriogonadotropin receptor) (1:200, Proteinech, Chicago, IL, U.S.A.) and H/K ATPase together. After incubation of primary antibodies, the sections were incubated with Alexa flour 555 (A21428) and Alexa flour 488 (A11001) for 60 min. DAPI was used as a counterstain, and the normal rabbit serum and normal mice IgG were used as negative controls. All photomicrographs were captured by an immunofluorescence microscope BX-51 (Olympus, Osaka, Japan).

Real-time PCR for steroidogenic enzyme and LHCGR gene expression
----------------------------------------------------------------

Total RNA was extracted by TRIzol reagent (Invitrogen, Carlsbad, CA, U.S.A.) according to manufacturer's instructions. Complementary deoxyribonucleic acid (cDNA) was synthetized for each sample by using PrimeScript 1st cDNA kit (Takara Bio Inc., Otsu, Japan). All oligonucleotide primers were designed using web-based Primer3 software (<http://primer3.wi.mit.edu/>). The sequences of primers are shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Sequences of primers for real-time PCRTarget of genePrimer sequence*CYP19A1*Forward:AGCCAAGAGCAACAAGCATReverse:TGCATTTTTCCACGGTTACA*17β-HSD3*Forward:GTGATCACTGGAGCAGGAGATGReverse:ATGGCCTGAAGTTTTTCCAGTG*17CYPA1*Forward:CATATTCCCTGCGCTGAAGATTReverse:ATGGAGTCGCTGGTGAAGTTCT*LHCGR*Forward:AGGCATTCCGAAGGGATTTCTReverse:GGGAGGGCTTATTTGATCCAG*3HSDB*Forward:CGGCATCCTGACCAATTACTReverse:TTTGGTGTGGTGTGTCGTCT*P450scc*Forward:AGACCCTGCCTTCTTCTCCAAReverse:CGGAGTCAGGATGAGGTTGAA*ACTB*Forward:CTGCGGCATTCACGAAACTAReverse:ATGCCAGGGTACATGGTGGT. The PCR reactions were carried out in a 10 *µl* volume using Ex TaqR Hot Start version containing SYBR-Green I (Takara Bio) and performed with a chrome4 real-time PCR system (Bio-Rad, Hercules, CA, U.S.A.) using the following conditions: 95^○^C for 30 sec; followed by 40 cycles of 95^○^C for 5 sec, 60^○^C for 30 sec and then a dissociation protocol. The relative expression level of each target mRNA was calculated using the 2^-ΔΔCT^ method in which all values were normalized to beta actin.

Statistical analysis
--------------------

The data are presented as means ± SEM. Statistical analysis was performed with Student's *t*-test, and one-way ANOVA followed by conservative Tukey's test using GraphPad prism 5.01 (Graphpad Software Inc., San Deigo, CA, U.S.A.). A value of *P*\<0.05 was used as an indication of statistical significance.

RESULTS {#s2}
=======

Estrogen-producing enzymes mRNA expression in male goat GI tract
----------------------------------------------------------------

To explore which site of the male goat GI tract expresses steroidogenic enzymes involved in estrogen production (*P450scc*, *3β-HSD*, *CYP17A1*, *17β-HSD3* and *CYP19A1*), we quantified their mRNA expression using real-time PCR ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.The expressions of steroidogenic enzymes to produce estrogens in the goat male GI tract. *CYP19A1* expression (Fig. 1a), *17β-HSD3*expression (Fig. 1b), *17CYPA1* expression, (Fig. 1c) *3β-HSD* expression (Fig. 1d) and *P450scc* expression (Fig. 1e). The numbers indicate organ tissues quantified by real time PCR, as follows: 1=Testis, 2=Rumen, 3=Reticulum, 4=Omasum, 5=Fundus of abomasum, 6=Body of abomasum, 7=Pylorus of abomasum, 8=Duodenum, 9=Jejunum, 10=Ileum, 11=Cecum, 12=Colon, 13=Rectum. ND presents non detectable, a=significantly different (*P*\<0.05), b=significantly different (*P*\<0.01), c=significantly different (*P*\<0.001).). *CYP19A1* expression was detected in body and pyloric regions of the abomasum, testis, duodenum, jejunum, ileum, cecum, colon and rectum. *CYP19A1* expression was significantly higher in the body and pylorus of the abomasum than testis. *CYP19A1* was not detected in rumen, reticulum, omasum and fundus of abomasum ([Fig. 1a](#fig_001){ref-type="fig"}). *17β-HSD3* mRNA was detected in testis, pyloric regions of abomasum, duodenum, jejunum and ileum. *17β-HSD3* expression in pyloric regions of abomasum, duodenum, jejunum and ileum was weaker in comparison with the testis. *17β-HSD3* expression was not detected in other parts of GI tract ([Fig. 1b](#fig_001){ref-type="fig"}). *CYP17A1* mRNA was only detected in testis, and fundus, body and pyloric regions of the abomasum. *CYP17A1* mRNA expression was lower in the abomasum regions in comparison with testis ([Fig. 1c](#fig_001){ref-type="fig"}). *3β-HSD* expression was detected mainly in duodenum, jejunum and testis. In addition, *3β-HSD* mRNA was detected only very weakly in other parts, while it was significantly higher in jejunum than in testis ([Fig. 1d](#fig_001){ref-type="fig"}). *P450scc* expression was detected in testis while *P450scc* was not detected in GI tract organs.

Co-localization of aromatase and H/K ATPase in abomasal gastric mucosa
----------------------------------------------------------------------

Based on the real-time PCR results, abomasum was the main organ in the GI tract for aromatase mRNA expression. As a gastric mucosa is composed of different cell types, a double-staining was performed in order to ascertain which cells of the abomasum are responsible for synthesis of *CYP19A1*. It is known that parietal cells are characterized by H/K ATPase pump expression ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Immunofluorescent images of H/K ATPase (green) and aromatase (red) in abomasum. The yellow color indicated co-localization of aromatase and H/K ATPase in abomasum. The cell nuclei were stained with DAPI (blue). Bar=50 *µ*m.). The green color represents the immunostained cells against H/K ATPase antibody, the red color shows the immunostained cells with anti-aromatase antibody, and the yellow color indicates the co-localization of H/K ATPase and aromatase. The majority of cells that stained for H/K ATPase expression co-expressed aromatase at the base of the gastric glands, while a few cells for H/K ATPase expression also co-expressed aromatase in the neck region of the gastric glands. Double immunofluorescence results showed that aromatase immunoreactivities were restrictedly localized in parietal cells.

The effect of castration on estrogen biosynthetic enzyme and LHCGR gene expression in abomasum
----------------------------------------------------------------------------------------------

*CYP19A1*, *LHCGR*, *17β-HSD3* and *CYP17A1* mRNA levels in abomasum were quantified in both intact and castrated groups by real-time PCR ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.The effect of castration on *CYP19A1*, *LHCGR*, *17β-HSD3* and *CYP17A1* mRNA levels in abomasum. *CYP19A1* expression increased in castrated group significantly (Fig. 3a). *LHCGR* increased by castration (*P*=0.13; Fig. 3b). *17β-HSD3* expression was decreased in castrated group (*P*=0.08; Fig. 3c). *CYP17A1* expression did not change between both groups (Fig. 3d). All data are presented as the mean ± SEM. a=significantly different (*P*\<0.05).). *CYP19A1* mRNA expression was increased in the castrated group significantly ([Fig. 3a](#fig_003){ref-type="fig"}). *LHCGR* mRNA expression appeared to increase in the castrated group (*P*=0.13; [Fig. 3b](#fig_003){ref-type="fig"}). *17β-HSD3* expression tended to decrease in the castrated group (*P*=0.08; [Fig. 3c](#fig_003){ref-type="fig"}). *CYP17A1* mRNA expression did not change in the intact or castrated groups ([Fig. 3d](#fig_003){ref-type="fig"}).

Co-localization of H/K ATPase and LHR in abomasal gastric mucosa
----------------------------------------------------------------

To reveal which cells of the abomasum were responsible for LHR expression in the abomasum, a double-staining was performed ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Immunofluorescent images of H/K ATPase (green) and LHR (red) in abomasum. The arrow indicates co-localization of aromatase and H/K ATPase in abomasum. The cell nuclei were stained with DAPI (blue). Bar=50 *µ*m.). The green color represents the immunostained cells with H/K ATPase antibody, and the red color shows the immunostained cells with LHR antibody. The arrow indicates cells that co-localized both H/K ATPase and aromatase. Based on double-staining results, a portion of the cells positive for H/K ATPase in the neck of the gastric glands also co-expressed LHR.

DISCUSSION {#s3}
==========

This is the first report showing steroidogenic enzymes expression for estrogen biosynthesis in the male goat GI tract. The present study was also conducted to reveal the primary organ for steroidogenic enzymes that produce estrogens in the male goat GI tract, and the effect of castration. Our findings suggested that *CYP19A1*, *17β-HSD3* and *CYP17A1* gene expression was higher in abomasum than in other parts of the GI tract. In addition, immunohistochemical results showed that parietal cells are responsible for aromatase (needed for E2 production) in the abomasum. Based on these data, the abomasum is the main organ for steroidogenic enzymes that produce estrogens in the male GI tract. In addition, castration increased aromatase expression in the abomasum.

*CYP19A1* mRNA expression was quantified using real-time PCR in the GI tract. *CYP19A1* mRNA expression was significantly higher in the abomasum than in other parts of male GI tract. Gastric mucosa consists of multiple cell types such as parietal cells that secrete hydrochloric acid and intrinsic factor, chief cells that secrete pepsinogen and surface epithelial cells that secrete mucus and bicarbonate \[[@r3]\]. We further identified cell types responsible for aromatase expression for E2 biosysnthesis in abomasum gastric mucosa. It is well known that parietal cells are characterized by H/K ATPase pump expression in the stomach \[[@r16]\], and our findings showed that parietal cells expressed aromatase in the male goat GI tract. Studies in rats and humans non-tumoral or tumoral stomach showed that the stomach expressed aromatase mRNA and gastric parietal cells produce aromatase in accordance with our findings \[[@r7], [@r12], [@r23]\]. Estrogens are known to be produced by extragonadal tissues, such as adrenal gland and adipose tissues. Estrogens exert their functions via their receptors. In addition, studies revealed presence of estrogen receptors (ERs) not only in the reproductive organs, but also in non-reproductive tissues, such as liver. It is known that estrogen involved in the process of liver regeneration through ERs \[[@r22]\]. Therefore, abomasal estrogen may play important roles in liver functions. Moreover, Pfaffl *et al*. (2003) reported all parts of bovine GI tract including abomasum expressed mRNA of both estrogen receptors, ERα and ERβ \[[@r14]\]. Furthermore, ERα and ERβ were localized in the parietal cells \[[@r5]\]. Abomasal estrogen may play important roles *via* autocrine or paracrine in abomasum, such as acid secretion and gut functions.

Extragonadal tissues are known to produce significant amounts of E2; for example, adipose tissue \[[@r15], [@r28]\], brain \[[@r17]\], skin \[[@r9]\] and vascular smooth muscle cells \[[@r6]\]. Local estrogen in these sites has numerous physiological functions, such as cell proliferation and regeneration. Moreover, estrogen biosynthesis in these sites is dependent on circulating precursor C19 steroid \[[@r19], [@r20], [@r26]\]. We further examined whether the GI tract can produce C19 steroids by its own tissues or whether it requires circulating C19. *17β-HSD3* was highly expressed in testis, whereas weak *17β-HSD3* was detected mainly in abomasum and small intestine (duodenum, jejunum and ileum). It is known that*17β*-*HSD3* is responsible for converting androstenedione to testosterone (T) in testis or estrone to E2 in the stomach \[[@r24], [@r27]\]. Therefore, for estrogen production in the abomasum, small amounts of androstenedione might be converted to T and E2 by *17β-HSD3* and *CYP19A1*, respectively, or androstenedione might be converted to estrone and E2 by *CYP19A1* and *17β-HSD3*, respectively. In addition, abomasum also might be able to convert circulating androgens to estrogen by aromatase in abomasum. *CYP17A1* was detected in abomasum, yet the expression level was lower than in testis. Progesterone and 17α-progesterone are converted to 17α-progesterone and androstenedione by *CYP17A1* \[[@r23]\], and the expression of *CYP17A1* was weak in abomasum, indicating that abomasum utilized little progesterone for steroid production. A study in rat showed that strong *17β-HSD3* staining was detected in stomach \[[@r22]\]. Strong expression of *CYP19A1* in abomasum and weak expression of *17β-HSD3* and *CYP17A1* in abomasum suggested that abomasal parietal cells may need circulating T for estrogen production, while the abomasum might be able to convert small amounts of progesterone and androstenedione for estrogen production. In the male goat GI, the abomasum may mainly utilize circulating testosterone and androstenedione for estrogen production.

We further investigated whether the GI tract can use cholesterol as a substrate for steroidogenic enzymes that produce estrogens. *P450scc* and *3β-HSD* expression was examined in GI tract. *P450scc* was not detectable in abomasum and other parts of the GI tract. This suggested that all portions of GI tract cannot convert cholesterol for steroidogenesis. On the other hand, *3β-HSD* expression was detected mainly in duodenum and jejunum, so that circulating pregnenolone may be converted to progesterone. Progesterone could be a source for further steroidogenesis in the GI tract or other organs. Studies in the rat showed that *P450scc* and *3β-HSD* expression was not detectable in GI tract. Therefore, rat GI tract cannot utilize cholesterol as a substrate \[[@r23]\].

A final study was conducted in order to ascertain whether castration can influence steroidogenic enzyme expressions in abomasum. Our findings showed that aromatase mRNA expression in the abomasum was increased by castration. *17β-HSD3* expression appeared to decrease, and *CYP17A1* expression did not change in abomasum. In addition, we showed the presence of LHR in abomasum, and *LHCGR* mRNA expression tended to increase with castration. A study in sheep showed that abomasum also expressed *LHCGR* mRNA \[[@r24]\]. In our study, LHR expression in abomasum appeared to increase in the castrated group. Since castration should lead to increment of circulating LH, and LH bind\`s to their receptors, resulting in increased intracellular cyclic adenosine monophosphate (cAMP) concentration. Cyclic AMP activates gene transcription by binding to cAMP responsive elements present on the promoters of several genes, including aromatase \[[@r2], [@r18]\]. These collective data suggest that LH may increase aromatase expression in the male goat abomasum.

In conclusion, the abomasum was the main organ in the male goat GI tract for steroidogenic enzymes needed for estrogen production. Abomasal parietal cells also expressed aromatase and LHR. In addition, LH may be involved in this aromatase expression.
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